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Abstract
Hydrogels are frequently used for a variety of biomedical applications such as tissue
engineering, contact lenses and drug delivery. Each application requires the hydrogel to
have a defined set of physical and chemical properties. However, measuring the
mechanical properties of hydrogels using traditional testing methods requires expensive
and complicated instrumentation. This thesis will detail a new technique to measure the
mechanical properties of dexMA and ETTMP PEGDA hydrogels and simultaneously
analyze both the model drug elution and gel degradation in situ.

Our method consists of a hydrogel cured in a cuvette. A glass bead of known size and
mass is placed on top of the hydrogel and covered with phosphate buffer solution (PBS).
Over time, the cross-linked network of the hydrogel breaks down, and, as a result, the
ball sinks into the hydrogel. Using the depth of the ball in the hydrogel, the mechanical
properties of the hydrogel can be determined using Hertz Contact Theory. Our method
provides a macroscopic and inexpensive way to continuously and passively measure
properties of the hydrogel as the hydrogel degrades. Over the course of the experimental
period, solution is removed from the top of the cuvette and is analyzed to quantify the
amount of model drug released from the hydrogel. Using this technique, both the
hydrogel erosion and model drug release can be simultaneously evaluated over a period
of time.

Finally, a machine learning algorithm was implemented to predict the behavior of the
hydrogel under different experimental conditions. Data from our experiments was used to
6

train a machine learning model. The code creates an optimized decision tree which uses
mean square error analysis to decide how to best separate the data into either hydrogel
polymer weight percent or days to degrade. This code is adaptable for future use since the
machine learning algorithm constantly updates in order to continue to produce the most
pure categorization of the data.
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1. Background and Thesis Goals
1.1 Hydrogels
Hydrogels are water-swollen cross-linked polymer networks. Their high water content
and soft texture greatly resemble natural tissue and contributes to their biocompatibility.
Their composition and texture allow hydrogels to be used as contact lenses and artificial
skin membranes, and in drug delivery due to their tailorable properties (Peppas, 2000 and
Hoare and Kohane, 2008). A drug-loaded degradable hydrogel device implanted into the
human body could be designed to predictably release its therapeutic payload and then
degrade in the body, thus eliminating the need for additional surgeries for device removal
(Hoffman, 2001, van Dijk-Wolthuis, 1997 and Meyvis, 2000).

Studying the degradation kinetics of hydrogels facilitates the development of safer and
more efficient ways drugs can be delivered to the body. Controlled drug delivery is
desirable because controlling the rate drugs are released in the body can ultimately
minimize side effects and toxicity of the drug being delivered. Figure 1.1.1 illustrates the
effects of traditional drug tablets and the effects of a controlled drug delivery dose.
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Figure 1.1.1: Concentration of drug in the bloodstream over time for (a)
traditional drug tablet or timed bolus injection and (b) controlled drug delivery
device (Sowjanya)

There are two main groups of hydrogels: naturally-occurring and synthetic.
Naturally-occurring hydrogels are derived from biological sources. One such hydrogel is
dextran, naturally produced by certain bacteria, which can be chemically modified to
produce methacrylated dextran (referred to here as dex-MA). Dextran itself contains a
hexose epoxide and three terminal alcohol groups. When combined with glycidyl
methacrylate (GMA), one of the alcohol groups is replaced with an ester-containing
methacrylate group, a relatively less harmful way to introduce a vinyl group. The
methacrylic ester is unstable, allowing it to serve as the primary reactive group that
allows for the formation of crosslinks. Thus, dex-MA can form the polymer network
required to create a hydrogel.
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Figure 1.1.2: Overview of reaction to form methacrylated dextran (dex-MA) from
dextran in the presence of glycidyl methacrylate (GMA)

The number of methacrylate groups present per dextran repeat unit is the degree of
substitution, and can be manipulated during the synthesis of the dex-MA. The degree of
substitution is directly related to the resulting crosslink density of the dex-MA hydrogel.
The crosslink density determines the extent to which the network can swell water. The
degree of substitution is found by

(ρ*𝑉)𝑀𝐴
𝑀𝑀𝐴

*

𝑀𝐷
𝑚𝐷

* 100

Eq 1.1.1

where 𝑚𝐷 and 𝑀𝐷 are, respectively, the mass used and molecular weight of dextran and
𝜌𝑀𝐴 , 𝑉𝑀𝐴 , and 𝑀𝑀𝐴 are, respectively, the density, volume used, and molecular weight of
glycidyl methacrylate.
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The primary hydrogel used throughout this thesis to form hydrogels is formed from
poly(ethylene glycol) diacrylate (PEGDA), and ethoxylated trimethylolpropane
tri-(3-mercaptopropionate) (ETTMP). Variations on the PEGDA polymer have seen
increased use in tissue engineering over the past 25 years due to the tailorability of its
properties. However, poly(ethylene glycol) (PEG) based hydrogels have poor degradation
in typical biological conditions, and can trigger an immune response, causing adverse
reactions to the implant (Burke 2019). Efforts have been made to improve upon this
limitation through the utilization of a thiol-ene reaction, such as the reaction between
PEGDA and ETTMP. The S-H group on the ETTMP readily reacts via Michael Addition
reaction to form a thiol-ether, seen in Figure 1.1.3 (Burke 2019). The Michael Addition
occurs in two parts. First the thiolate ion in the ETTMP reacts with the double carbon
bond in the PEGDA, forming a carbon based anion. This anion reacts with an additional
thiolate group to propagate the reaction and form the crosslinked hydrogel network. The
newly formed cross linked bonds that can be hydrolyzed are uniformly distributed
throughout the resulting hydrogel, which improves the degradation properties over the
long backbones of only PEG-based polymers (Rydholm 2005).
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Figure 1.1.3: Reaction to form the idealized hydrogel ETTMP PEGDA from ETTMP
and PEGDA

Hydrogel characteristics, such as polymer volume fraction, v, mesh size, 𝜉, and the
swelling ratio determine the hydrogel network structure and impact the degradation
behavior. According to Flory and Rehner, the average molecular weight between
crosslinks before swelling, Mc, can be related to the polymer volume fraction of the gel
(Slaughter et al., 2009; Flory and Rehner, 1943).

2

1
𝑀𝑐

=

2
𝑀𝑛

𝑣

− (𝑉 )
1

[𝑙𝑛(1−𝑣2,𝑠)+𝑣2,𝑠+χ1𝑣2,𝑠

Eq 1.1.2

1/3

(𝑣2,𝑠 −(2/φ)𝑣2,𝑠

where Mn is the average molecular weight of the polymer chains before cross-linking, v is
the specific volume of the polymer, V1 is the molar volume of water, v2,s is the polymer
volume fraction of the swollen hydrogel, X1 is the polymer-solute interaction parameter
and 𝝋 is the functionality of the cross-linking agent.

Peppas and Merrill modified the Flory-Rehner equation for hydrogels that were
cross-linked in a solvent, such as ETTMP-PEGDA, by introducing the term v2,r to
represent the polymer volume fraction in the relaxed state before swelling occurs (Peppas
and Merrill, 1977).
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Eq 1.1.3

1
2

− (𝑣2,𝑠/𝑣2,𝑟)]

The Peppas-Merrill Equation for average molecular weight between cross-links.

By conducting swelling experiments, the polymer volume fraction, mesh size and water
uptake of a hydrogel can be calculated. The polymer volume fraction is an indication of
how much water a hydrogel can contain when swollen and can be calculated.

𝑣2,𝑠 =

1/ρ𝑝𝑜𝑙𝑦𝑚𝑒𝑟

Eq 1.1.4

𝑄𝑚/ρ𝑠𝑜𝑙𝑣𝑒𝑛𝑡+1/ρ𝑝𝑜𝑙𝑦𝑚𝑒𝑟

Equation 1.1.4 can be used to find the polymer volume fraction in the relaxed state where
⍴ is the density of the polymer and solvent and Qm is the ratio of swollen to dry mass of
the hydrogel.

The polymer volume fraction v2,s can then be used to calculate the mesh size, 𝜉, depicted
in Figure 1.1.4, using Equation 5.

Figure 1.1.4: Definition of mesh size of a hydrogel (de Gennes, 1979)
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−1/3

−2 1/2

ξ = 𝑣2,𝑠 (𝑟0 )

Eq 1.1.5

Equation 1.1.5 can be used to find mesh size where (r0-2)½ is the unperturbed distance,
end to end, of a polymer chain. If it is not known, it can be estimated using the Flory
characteristic ratio (Lowman and Peppas, 1999).

The microscopic properties of the hydrogels influence the bulk properties, such as shear
and Young’s modulus, which can be used to predict the degradation behavior of the
hydrogel upon implantation into the body.

1.2 Mechanical Properties of Hydrogels
Hydrogels require unique mechanical properties for each application. However, there is
difficulty in measuring the mechanical properties of hydrogels due to their property
dependence on the external conditions and change in properties over time (Capello,
2020). Many methods have been developed to measure the mechanical properties of
hydrogels, ranging from the compression and tensile testing to more individualized
approaches (Ahearne, 2008). The following is an overview of the different approaches
used to measure the mechanical properties of hydrogels and other soft materials.

1.2.1 Micromanipulation, Compression and Tensile Testing
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In many cases, the mechanical properties of a hydrogel can be found through
deformation. In micromanipulation, a spherical sample of hydrogel or other microscopic
particle is compressed between two parallel surfaces, with one side being a force
transducer used to measure the amount of force applied to achieve a given deformation.
The data collected is analyzed using a stress-strain curve, to determine properties such as
the elasticity classification or strength of hydrogels or cells (Chung, 2005, Thomas,
2000).

Figure 1.2.1.1: Schematic representation of micromanipulation technique (adapted from
Chung, 2005)
Compression testing, generally conducted on a material testing machine, is quite similar
to micromanipulation in that a sample is deformed under two impermeable surfaces
(Stammen, 2001). The key difference between compression testing and
micromanipulation is the use of cycling in the compression testing to find the point of
compressive failure for the sample. Despite the convenience of machine controlled
compression testing, there are some drawbacks to this technique. When conducting the
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experiment it is difficult to apply equal pressure to the sample and the test is destructive
to the sample (Ju, 2002).

Figure 1.2.1.2: Schematic representation of compression technique (adapted from Ju,
2002)

Another experiment typically conducted on the material testing machine is tensile
testing/strip extensiometry. Tensile testing involves applying and measuring a force to a
sample, whether cut into a strip and held between two clamps or cut into a ring, and
measuring the sample elongation before failure. A stress-strain curve is plotted, and, from
there, other mechanical properties (such as Young’s modulus, yield strength and ultimate
tensile strength) can be extracted. In complement to these methods, the viscoelastic
characteristics can be found by elongating the material to a given length and then
examining the relaxation response over a constant strain. Tensile testing can cause
inconsistencies in results if set up incorrectly: the sample must be measured accurately
before the experiment can begin and the sample must be perfectly aligned in the grips to
ensure correct and consistent results. Only hydrogel strips or rings can be measured and
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the strain is uniaxial. The final fault with tensile testing, the destructive and single-use
nature of the test, makes it difficult to observe the change in mechanical properties over
time or with repeat testing (Ahearne, 2008).

Figure 1.2.1.3: Schematic Representation of Tensile Testing Technique (adapted from
Ahearne, 2008)

1.2.2 General Indentation, Atomic Force Microscopy and Spherical Microindentation

To resolve the destructive nature of tensile testing and other compressive methods,
indentation was developed as a means to measure the mechanical properties of materials.
Indentation testing involves indenting a hydrogel at a single point to a predetermined
displacement depth and measuring the force needed to cause the indentation. It is similar
to a localized version of a microindentation test, as a force transducer is used to measure
the force required and it is plotted on a force displacement curve. From this curve, the
mechanical properties can be determined (Ahearne, 2008, Yang, 2007). The mechanical
properties of the hydrogel are strongly dependent on the geometry of the indenter. Atomic
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Force Microscopy (AFM), similar to indentation methods, has a tip with a resonant
frequency that is dampened by interactions between the tip and the sample; results can be
analyzed using bond force energy curves. In some studies, the probe tip used to indent the
sample is either a conical or pyramidal shape (Drira, 2013).

Figure 1.2.2.1: Schematic Representation of Indentation Technique (adapted from
Ahearne, 2008)

Using AFM for these measurements makes the assumption that the sample abides by the
Infinitesimal Strain Theory, the thought that at each point in space, the constitutive
properties of a material remain constant, so that a series of theoretical equations to solve
the mechanical properties of the hydrogel can be used (Costa, 1999). For example, Drira
et al. could match their experimental data to the Hertz model, further detailed in section
1.3, when conducting AFM under high loads and low surface forces, but the data better
matched the Oliver Pharr model when using softer materials. Costa et al. recognized that
these assumptions may not always be accurate and applied the finite element method
(FEM) to examine large indentations relative to the sample thickness and probe
dimensions since the contact surface area increases the farther the indentation into the
18

gel. Drira et al. utilized scanning electron microscopy (SEM) in conjunction with AFM in
order to observe the influence of tip geometry on the indentation. When inserted into the
sample with a larger force, the probe picks up hydrogel debris and loses its sharpness and
curved edge, significantly impacting the experimental results (Drira, 2013). In addition,
the hardness of the probe plays an important role in the resultant mechanical properties.
Under equal force loading, the resultant elastic modulus and hydrogel stiffness were
comparable when using both the soft and hard tip. However, when using the soft tip, a
large amount of “sticking” occurred between the tip and the hydrogel surface (Drira,
2013).

Figure 1.2.2.2:: Schematic Representation of Changing Contact Area with Tip Depth
(adapted from Costa, 1999)

For thin hydrogels and membranes, the technique utilized is local focal microscopy based
spherical microindentation can be used. This technique offers a non-destructive, in situ

19

and real time examination of the changes in mechanical properties and can be performed
on cell-seeded hydrogels and under sterile conditions. In this technique, the hydrogel
membrane is clamped around the outermost edge and deformed by a spherical load,
generally an oil-lubricated stainless steel sphere of known mass and size. The time
dependent deformation is measured through the changing deformation displacement of
the central spherical load, recorded using a long focal distance microscope connected to a
CCD camera, and calculated using a theoretical model (Ahearne, 2008, Liu, 2001, Ju,
2002). Like in the Costa et al. study, Liu et al. used materials that follow a nonlinear
model that governs membrane deformation, Mooney-Rivlin constitutive behavior. While
Costa et al. found that, when using AFM, it is impossible to distinguish between
materials with either Mooney-Rivlin, Polynomial or Exponential behavior. Liu et al.
confirmed that, when measuring deformation behavior of their membrane, their data
followed the expected behavior of a Mooney-Rivlin material. In addition to the Young’s
Modulus, Ju et al. used the local focal microscopy based spherical microindentation
technique to characterize the viscoelastic properties of a polymeric membrane using the
three parameter standard linear (Zener) model, a viscoelastic model where a series of
springs and dashpots to represent the elastic and viscous components. Appendix A goes
further in depth about the different models described above. When conducting the
experimental studies, Ju et al. found that both the elastic modulus and the viscosity of the
polymer membrane decreased as the experimental temperature increased. Both Liu and Ju
utilized the local focal microscopy based spherical microindentation technique to find
different characteristics about their membrane; however, this technique also has some
experimental limitations. Environmental conditions play a large role in the changing
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behavior of the membrane and thus all measurement must take place outside of the
incubator to prevent any contamination. Additionally, this method is limited to hydrogel
membranes with a thickness up to 1 mm due to shortcomings in the imaging
instrumentation.

Figure 1.2.2.3: Schematic Representation of Thin Hydrogel Spherical Indentation
(adapted from Liu, 2001 and Ju, 2002)

For hydrogels thicker than 1 mm, a modified version of spherical indentation can be used
called optical coherence tomography (OCT) based spherical microindentation. Similar to
the technique for thinner membranes, this method utilizes the deformation displacement
of a spherical ball of known weight and size to calculate the mechanical properties of a
hydrogel, over time if necessary. The key difference is how the images of the
experimental system are captured; while the thinner hydrogel membrane can be image
captured using a long range focal microscope, the optical coherence tomography is based
on the interferometric backscattering of a beam of light as it passes through a sample
(Ahearne, 2008, Yang, 2007). Yang et al. utilized this nondestructive technique on thick
samples of agarose gel in a sterile environment, and used Hertz Contact Theory and the
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Zener Model to find the Young’s Modulus and viscoelastic properties of the agarose gel
respectively. Yang et al. found the Young’s Modulus of the agarose gel using the
traditional AFM indentation method as well as the OCT spherical indentation and found
that while the Young’s Modulus was consistently lower when using the OCT method, the
difference was most likely due to the size difference between the two indentors and thus
is not statistically significant. Kaluzny et al. advanced the image capturing technology by
creating spectral optical coherence tomography (SOCT) to capture cross-sectional images
of samples that weakly absorb and scatter light, such as corneas. In both OCT and SOCT,
a beam of light is split into two, where one passes through the sample and the other
serves as a reference. In OCT the sample light is measured through the intensity of the
backscattered light to reconstruct an image, while in SOCT measures the light that passed
through the sample is focused through an achromatic lens and spectrally analyzed.
Additionally, SOCT has a much shorter acquisition time due to the overall lack of
moving parts in the instrument (Kaluzny, 2006). Both OCT and SOCT are powerful tools
to measure the mechanical properties and viscoelastic properties of thicker hydrogels.

Figure 1.2.2.4: Schematic Representation of Thick Hydrogel Spherical Indentation
(adapted from Ahearne, 2008, Yang, 2007, Kaluzny, 2006)
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1.2.3 Micropipette Aspiration, Capillary and Microfluidic Methods

Micropipette aspiration is a versatile, simple and commonly used method of finding the
mechanical properties of biomaterials. In micropipette aspiration, a local region of the
material is partially aspirated into a small diameter glass pipette when a small pressure is
applied. From measured pressure/aspiration length curves, the mechanical properties can
be derived using either analytical methods, numerically derived models or inverse finite
element methods (Zhao, 2011).

Despite its benefits in being able to find the mechanical properties of materials,
micropipette aspiration is a very localized approach and does not provide bulk
mechanical measurements, hence why, when testing multilayered samples, it may be
necessary to utilize the technique one layer at time (Zhao, 2011, Capello, 2020).
Additionally, the method is highly dependent on several experimental parameters, such as
the material thickness, pipette diameter and the sample adherence to the underlying
substrate, and any changes in these parameters causes unexpected variations in the results
(Ahearne, 2008). Lastly, unlike AFM and spherical deformation, micropipette aspiration
to the point of failure is a destructive method of finding mechanical properties (Zhao,
2011).
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Figure 1.2.3.1: Schematic Representation of Micropipette Aspiration

Capillary and microfluidic methods are beneficial in measuring the mechanical properties
of hydrogels because the direct transportation of hydrogel particles into the instrument
allows for the measurement of the properties while the gel is swollen. Wyss et al.
developed a capillary method where particles from a dilute suspension are pulled into a
glass capillary by applying a pressure difference between the inlet and outlet of the
capillary tube. The particle entrance end of the glass capillary tube is more narrow than
an individual particle, clogging the tube and preventing other particles from entering. The
particle that enters the glass capillary is deformed in the radial direction due to the stress
being applied by the glass capillary walls. When the externally applied stresses match the
internal elastic stresses, the elastic properties can be derived (Wyss, 2010).
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Figure 1.2.3.2: Schematic Representation of Wyss Capillary Technique (adapted from
Wyss, 2010)

Experimental errors in Wyss et al. method limit the accuracy of the Poisson’s ratio,
especially with soft materials. Capello et al. developed a microfluidic method to
determine the Poisson’s ratio of soft and swollen hydrogels. Similar to the dilute
suspension utilized in Wyss’ method, Capello et al. fabricated rectangular hydrogel slabs
within a microfluidic device. Both the slabs and surrounding fluid enter a narrow region
in the device where the uniaxial compression of the slab occurs. Once the slab enters the
narrow channel, the flow is ceased and images of the continuously deforming slab are
captured before the slab is removed from the channel using pressure driven flow
(Capello, 2020). Capello’s method relies on uniform slabs, otherwise there are data
inaccuracies. For example, when the slab is too wide, buckling of the slab may occur
within the narrow channel. When the slab is very soft or weakly cross-linked, the
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equilibrium length depends on the slab entrance velocity. This may be due to either the
viscoelastic properties of the hydrogel itself or the friction occurring between the
hydrogel and the channel wall. Additionally, since the calculations depend on captured
images, the accuracy of the Poisson’s ratio is limited by the resolution of the camera.

Figure 1.2.3.3: Schematic Representation of Capello Microfluidic Technique (adapted
from Capello, 2008)

1.2.4 Rheology and Dynamic Mechanical Analysis

Rheology can be used to determine both the mechanical and viscoelastic properties of
hydrogels using techniques on the macro and micro scale. On a macro scale, to
accommodate the hydrogel, the bottom plate of the rheometer was replaced with a
roughened Plexiglass plate and the top acrylic plate included a solvent trap to prevent
evaporation of the fluid from the hydrogel (Meyvis, 2000). Meyvis et al. compared their
rheometer results to another method, dynamic mechanical analysis, using a Dynamic
26

Mechanical Analyzer instrument, performed in both “multi-strain” mode and “controlled
force” mode. The key difference between the methods is that the rheometer applies a
shear force while the dynamic mechanical analysis applies a compression force.

Shear-mode dynamic mechanical analysis can be used to measure real-time mechanical
properties (Kloxin, 2010). Shear-mode dynamic mechanical analysis related rheometry,
hydrogel crosslink density, and elastic modulus through rubber elastic theory. The
underlying assumption of rubber elastic theory is that a Gaussian curve can describe the
distribution of the location of the cross-linked ends of the polymer strands. To measure
shear modulus through rheology, sinusoidal linear deformation measurements are made
in the low frequency, rubbery regime; the hydrogel’s response to this treatment reflects
the hydrophilic chains (Kloxin, 2010).

Kloxin et al. also used tracer particle microrheology, a process similar to atomic force
microscopy, to measure the mechanical properties of the gel scaffolding. Like AFM,
microrheology utilizes a probe, but this probe is present throughout the gel and
influenced by an external force. In tracer particle rheology, small particles are
encapsulated and dispersed throughout the hydrogel, their motion is then tracked with
light microscopy. The Langevin Equation, particle force balance, is then used to correlate
the particle motion with gel modulus and crosslink density. The history dependent
material properties, analogous to viscoelastic properties, are found through the retardation
force through a memory kernel or history dependent friction coefficient (Kloxin, 2010).
Microrheology can be conducted passively or actively where the particle motion in the
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former solely depends on Brownian motion and, in the latter, movement is caused by an
external force. Passive microrheology has been used to determine the properties of many
low modulus materials and has been found to be beneficial for measuring localized
matrix remodeling during cell migration. Despite its advantages, passive microrheology
begins to deviate from the defining equation, the General Stokes-Einstein relationship,
when the particle size approaches the mesh-size of the material. Additionally, particle
interaction may occur with the environment, influencing the measured viscoelastic
properties of the gel. Since passive microrheology lacks the resolution to accurately
determine the properties of fully-formed, covalently crosslinked hydrogels, active
microrheology is used to measure the mechanical properties of materials with higher
moduli. The applied external force can be included with the force caused by Brownian
motion in the Langevin Equation in calculations. Like passive microrheology, many
difficulties still occur with active microrheology as the external force is generally not
significant enough to find the moduli of some higher moduli gels or overcome
heterogeneity (Kloxin, 2010).

Each of these techniques, with their benefits and deficiencies, require relatively large and
expensive instrumentation either for physical testing or imaging. This thesis develops a
technique to determine the transient mechanical properties of hydrogels through passive
degradation testing on a macroscopic scale over time scales of weeks to months.
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1.3 Hertz Contact Theory
When two objects are in contact with one another, distortion of each occurs. When in
contact, two different types of stresses form, those normal to the contacting object and
those tangential to the contacting object, which cause friction. Hertz Contact Theory
focuses primarily on the former. The force that the contacting object exerts on the surface
depends on the Young’s Modulus of the surface (Johnson 1985). For systems relevant to
this study, the water in the hydrogel causes hydrolytic degradation that decreases the
extent of crosslinking and weakens the gel, schematically depicted in Figure 1.3.1. The
weight, which is placed on the hydrogel surface, will continually sink deeper into the
hydrogel as the structural integrity of the hydrogel decreases. Using Hertz Contact
Theory (Equation 1.3.1), the mechanical properties can be calculated from the depth to
which the ball sinks in the hydrogel (Sperling 2006, Wang 1998).

Figure 1.3.1: Schematic of Hertz Contact Theory for Hydrogel Applications. Black
sphere represents glass beads.
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Eq 1.3.1

Intermediate Young’s Modulus term where E is the respective material’s Young’s
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Modulus and v is the respective material’s Poisson’s ratio

2

𝑢 = (

2𝐹

2

𝐸* 𝑟

)

1/3

Eq 1.3.2

Hertz Contact Theory where u is the depth the ball sinks, F is the force exerted on the
hydrogel by the ball, E* is an intermediate Young’s Modulus term explained in
Equation 1.3.1 and r is the radius of the ball. Additionally, Figure 1.3.2 assigns the
variables in Equations 1.3.1 and 1.3.2 with physical measurements in the experimental
set up.

Figure 1.3.2: Schematic of Assigning Hertz Contact Theory Equation Variables to
Physical Measurements (Zhu, 2012)

To predict the depth the ball sinks into the hydrogel, the theoretical Young’s Modulus
must first be calculated, requiring the shear modulus and the molecular weight between
crosslinks.The molecular weight between crosslinks is calculated using the Flory
Huggins equation, described in Equation 1.1.3.
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The molecular weight between crosslinks can then be used to find the shear modulus, G,
described in Equation 1.3.3, and then used to calculate Young’s Modulus, E, Equation
1.3.4. Equation 1.3.4 is only valid for isotropic, homogenous materials.

𝐺 =

3ρ𝑅𝑇
𝑀𝑐

Eq 1.3.3

Equation to find shear modulus from molecular weight between crosslinks, where G is
the shear modulus, ρ is the density of the hydrogel, R is the gas constant and T is the
absolute temperature of the system.
𝐸 = 2𝐺 * (1 + 𝑣)

Eq 1.3.4

These equations are used to calculate the shear and Young’s Moduli using the ball depth
recorded from the experimental data. To remain consistent between the model and the
experimental data, the depth of the glass ball is normalized to fractional change in ball
depth.

1.4 Thesis Goals
In this thesis, I developed a technique which capitalizes on the connection between
hydrogel degradation and the height of a sinking ball resting on the hydrogel and the link
between ball height and a hydrogel’s mechanical properties using Hertz Contact Theory.
The following sections will describe the degradation findings of this novel process, create
a model for the mechanical properties of the hydrogel overtime and compare the dye
release from the hydrogel to the rate of degradation.
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Goals:
1. Develop a cheap and effective method to measure the drug elution and hydrogel
degradation simultaneously
2. Use Hertz Contact Theory to relate the falling ball height to Young’s Modulus
3. Validate the method by running experiments that tells the effect of hydrogel
polymer weight fraction and dye properties on the mechanical properties of the
hydrogel
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2. Materials and Methods
2.1 Synthesis of ETTMP-PEGDA Hydrogel in Cuvettes
Both the ETTMP and PEGDA are purified before being used in hydrogel fabrication.
Both polymers are purified using a vacuum filtration set up to pull the liquid polymer
through a 30 mL syringe first packed with glass wool, then filled with 1.5 inches of
aluminum oxide. Additionally, the ETTMP is then further purified using a syringe filter.

Using a micropipette to measure, 265 μL of ETTMP (M n = 1300, Mw = ~1300 g/mol,
Bruno Bock Chemische Fabrik GmbH & Co) and 180 μL of PEGDA (M n = 400, Mw =
575 g/mol, Aldrich) are combined in a 4 mL vial and vortexed for 20 seconds. An amount
of phosphate buffer solution (1.0 M, pH 7.4, PBS) appropriate to achieve the desired
polymer weight percent is added to the vial (for example, for 25 wt%, 1.52 mL of PBS is
added), which is then vortexed again for 20 seconds. A micropipette is used to transfer
750 μL of the solution into cuvettes. The hydrogel cures at 25℃ (Morrison 2020).

2.2 Synthesis of Dextran Methacrylate Hydrogels in Cuvettes
Four grams of dextran (Mn = 60,000-70,000, Mw = 504.438 g/mol, Spectrum Chemicals)
and 0.5 g of 4-dimethylaminopyridine (DMAP, Mw = 122.171 g/mol, Acros Organics) are
combined and dissolved in 40 mL of dimethyl sulfoxide (DMSO, reagent grade, EMD
Chemicals) in an oven dried 125 mL round bottom flask under nitrogen and stirred with a
stir bar until the solution is clear. The round bottom flask is then wrapped in aluminum
foil, as the methacrylate reaction is light sensitive. After five minutes, 0.2 mL glycidyl
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methacrylate (GMA, 25 ℃, Aldrich) is added. Without affecting the end product, the
reaction can either be allowed to react for four days at 25 °C or ten hours at 50 °C to
create dextran methacrylate, dex-MA (Van Dijk-Wolthuis 1995). The quantity of glycidyl
methacrylate determines the degree of substitution.

To precipitate the methacrylated dextran out of solution, two 500 mL flasks, one covered
in aluminum foil, are filled with methanol, which causes the dexMA to precipitate out of
solution (VWR International, LLC) and chilled overnight. One milliliter at a time, the
contents of the round bottom flask are pipetted into the foil covered 500 mL flask. The
precipitate is isolated from the methanol using vacuum filtration. The isolated product is
dried in a vacuum oven at 25 ℃ for 24-48 hours and then stored in an aluminum-foil
covered and capped glass jar before being put in a desiccator at 4 ℃ (Chi-Wei 2010).

To prepare the photo-curable dex-MA hydrogel formulation, 0.6 g of dex-MA and 6 mg
of Irgacure 2959 (Ciba Specialty Chemicals Corporation) are dissolved in 1400 μL of
PBS and the mixtures vortexed until the polymer is dissolved entirely. Using a
micropipette,

750 μL of the solution is allocated to each of the cuvettes, which is

placed standing under a UV lamp (UVP, Blak-Ray B-100A) and photocured at an
intensity of 3000 μW/cm2 (100 Watt, Max ƛ: 640 nm) for 21 minutes.

2.3 Device Fabrication
A high resolution ruler with marked lines at regular intervals of 0.05 in was designed and
is printed and cut to the dimensions of 10 mm height and 4 mm width, to fit the size of

34

the body of a standard cuvette (10 mm x 10 mm x 45 mm). The ruler is placed face up on
a piece of packing tape (Scotch Heavy Duty Shipping) and the extra height of tape is
trimmed to the ruler. With the adhesive side of the tape facing towards the cuvette, the
ruler is positioned so that it is visible through the transparent cuvette and hydrogel, and
adhered using the remaining width of the tape backing the ruler.

2.4 Experimental Design
The hydrogel, dexMA or ETTMP PEGDA, is either thermally or photo cured in a
standard cuvette device, respectively, as described in section 2.2. A glass bead
(Gogenlab) with a diameter of 6 mm and a mass of 0.25 g is placed onto the cured gel. To
promote hydrolytic degradation of the hydrogel, an additional 2 mL of PBS (1.0 M, pH
7.4) is added to the cuvette. At set intervals, the release medium is removed from the
cuvette and replaced with fresh PBS. If a dye is used in the experiment, the removed
effluent is stored for analysis with UV-Vis spectroscopy. A custom MATLAB code is
used to capture images from a WebCam (Plugable Microscope Flexible Observation
Magnification) of the cuvettes at set intervals, ensuring that the angle and size of the
cuvette in the image remains constant. Imtool, a feature of MATLAB, is used to find the
distance of the glass bead from the bottom of the cuvette.

If the hydrogel is loaded with a model drug that is visible to the human eye, the method
allows simultaneous visualization of drug diffusion and release, and hydrogel
degradation.
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In vivo, a drug-loaded degradable hydrogel will undergo both drug release (via diffusion
through the gel and dissolution into surrounding media) and degradation, in which the gel
breaks down and releases degradation products and subsequently more drug. The release
medium is removed from the cuvette at regular intervals to approximate sink conditions
in the system. As the hydrogel cross-links degrade, the mesh size of the hydrogel
increases, the modulus decreases, and the glass bead sinks deeper into the gel. Figure
2.4.1 includes a schematic representation of the experiment.

Figure 2.4.1: Experimental design schematic. Black sphere represents the glass bead.
The effluent solution is changed regularly to maintain near sink conditions as the dye
elutes from the hydrogel.

This experimental procedure will be used to analyze the mechanical properties of two
hydrogels, dexMA (30 wt%) and ETTMP-PEGDA (at 25 wt%, 30 wt% and 35 wt%),
using three different dyes, methylene blue, sulforhodamine-101 and chloroquine at both
25 ℃ and 37 ℃. Table 2.4.1 depicts the design of experiments matrix. It is important to
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note that 50 wt% polymer was tested for both the methylene blue and sulforhodamine
dyes, but was not pursued for chloroquine loaded hydrogels due to significant swelling.
Table 2.4.1: Matrix of Experiments

Dyes
Methylene

Sulforhodami

Blue

ne-101

dex-MA

25 ℃

25 ℃

25 ℃

30 vol% polymer

37 ℃

37 ℃

37 ℃

25 ℃

25 ℃

25 ℃

37 ℃

37 ℃

37 ℃

Chloroquine

ETTMP PEGDA
Hydrogel

25 wt% polymer
30 wt% polymer
35 wt% polymer
50 wt% polymer*

2.5 UV-Vis Spectroscopy
A UV-Vis Spectrometer (BioTek with Gen5 software) is used to measure the dye
concentration in the removed effluent. Table 2.5.1 lists the wavelength for each of the
dyes used, structures depicted in Figures 3.1.1, 3.2.1 and 3.3.1 for methylene blue,
sulforhodamine and chloroquine respectively.
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Table 2.5.1: Wavelength of maximum absorbance for each dye

Dye

λ (nm)

Methylene Blue

668

Sulforhodamine-101

547

Chloroquine

343
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3. Results and Discussion
The two hydrogels in this study, dexMA and ETTMP-PEGDA, provide contrasting
behaviors due to their differences in starting molecular weight, chain architecture, and
extent of crosslinking.

When polymerized, dexMA contains long chains with branches, some of which are
crosslinked to other long, branched chains. The crosslinking occurs between branch end
groups as a result of radical polymerization, and the polymer chain has sufficient distance
between crosslinks to allow for significant entanglements. Figure 3.1 provides a
schematic representation of both the polymerization and hydrolysis of the crosslinked
dexMA network.

Figure 3.1: Polymerization and Hydrolysis of dexMA polymer
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In dexMA, we expected that the polymer chain backbone maintains the integrity of the
polymer and enduring mechanical properties of the hydrogel, despite the hydrolysis of
the crosslinks, while water infiltration keeps the hydrogel swollen. It is hypothesized that
as the dye and some degradation products diffuse out of the hydrogel, water from
solution further swells the hydrogel network, thus maintaining the volume of the
hydrogel. Figure 3.2 demonstrates that the volume remains constant since the height of
the ball remains constant over a period of five months. When subsequently exposed to a
shear force, the hydrogel breaks into discrete chunks, providing evidence that some
fraction of crosslinks between chains have been hydrolyzed as water continues to
infiltrate the hydrogel over time. Appendix B provides more detail of the erosion of
dexMA.

Figure 3.2: Schematic of the erosion of dexMA hydrogel. Water continuously infiltrates
the network and maintains swollen volume, while some degradation products may diffuse
out into solution.

Alternatively the ETTMP-PEG-DA copolymer hydrogel does not contain any long-chain
polymers (i.e. above entanglement molecular weight for PEG), and breaks down into
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smaller degradation products, represented by the gray Xs in Figure 3.3. The hydrogel
does not maintain its mechanical integrity as it degrades, allowing the ball to sink into the
hydrogel. The movement of the ball was explored at three different polymer weight
percent (25 wt%, 30 wt% and 35 wt%) using three different model drugs. The depth of
the ball is then used to calculate the changes in mechanical properties of the hydrogel as
it degrades and a model was used to test the feasibility of the experimental results.

Figure 3.3: Schematic of the breakdown of ETTMP-PEGDA hydrogel

3.1 Methylene Blue
Methylene Blue (MB) is a basic, cationic dye with a molecular weight of roughly 320
g/mol. It is a photosensitizer that has been found to have use in photodynamic therapy, a
cancer treatment option. The structure of methylene blue is shown in Figure 3.1.1.
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Figure 3.1.1: Structure of methylene blue

Experiments with methylene blue were conducted using dexMA hydrogels (30 wt%) and
ETTMP PEGDA hydrogels with polymer weight percents of 25 wt%, 30 wt%, 35 wt%
and 50 wt% in 1.0 M, pH 7.4 PBS. Figure 3.1.2 a-g shows images taken of the hydrogels
over the course of the experimental period.

a) Images of dexMA Trials at 37 ℃
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b) Images of 25 wt% ETTMP PEGDA Trials at 25 ℃

c) Images of 25 wt% ETTMP PEGDA Trials at 37 ℃
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d) Images of 30 wt% ETTMP PEGDA Trials at 25 ℃

e) Images of 30 wt% ETTMP PEGDA Trials at 37 ℃

f) Images of 35 wt% ETTMP PEGDA Trials at 25 ℃
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g) Images of 35 wt% ETTMP PEGDA Trials at 37 ℃
Figure 3.1.2: Images for Methylene Blue Trials at 25 ℃ and 37 ℃

Over the course of five months, the glass bead height in the dexMA trials did not
statistically change because of the long backbone chains that maintain hydrogel integrity
despite hydrolysis at points of crosslinking.

For ETTMP-PEGDA hydrogels, the 25 wt% gels as prepared have a greater water
content than would be present at equilibrium swelling, so these samples exclude water
after curing and shrink slightly. The 30 wt% hydrogels, as prepared, are very near
equilibrium swelling; therefore, these samples maintain their initial height until
degradation is extensive enough that the glass bead sinks. Finally, the hydrogel prepared
at 35 wt% swells water, resulting in a sample volume increase before significant
degradation occurs.
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Images captured during the erosion of ETTMP-PEGDA samples were analyzed with
MATLAB to extract the glass bead height change with time. Image analysis was
conducted with all experimental conditions. The results are shown in Figure 3.1.3.

Figure 3.1.3: Fractional Change in Glass Bead Height for the Methylene Blue loaded
ETTMP PEGDA hydrogels (n = 3 samples for 25 wt% at 25 ℃, 4 samples for 30 wt% at
25 ℃, 3 samples for 35 wt% at 25 ℃, 3 for 25 wt% at 37 ℃, 3 for 30 wt% at 37 ℃, 3
for 35 wt% at 37 ℃, error bars represent standard deviation of fractional glass bead
height at each time point)

UV-Vis spectroscopy was used to analyze the elution of the dye from the hydrogel as
degradation occurs. A calibration curve was used to convert absorbance to concentration
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for all samples taken. Figure 3.1.4 compares the elution and degradation of the different
weight percents of the hydrogel.

a) Erosion vs Elution for 25 wt% Methylene Blue ETTMP PEGDA Trials in
PBS (1.0 M, pH 7.4) at 25 ℃

b) Erosion vs Elution for 25 wt% Methylene Blue ETTMP PEGDA Trials in
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PBS (1.0 M, pH 7.4) at 37 ℃

c) Erosion vs Elution for 30 wt% Methylene Blue ETTMP PEGDA Trials in
PBS (1.0 M, pH 7.4) at 25 ℃

d) Erosion vs Elution for 30 wt% Methylene Blue ETTMP PEGDA Trials in
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PBS (1.0 M, pH 7.4) at 37 ℃

e) Erosion vs Elution for 35 wt% Methylene Blue ETTMP PEGDA Trials in
PBS (1.0 M, pH 7.4) at 25 ℃

f) Erosion vs Elution for 35 wt% Methylene Blue ETTMP PEGDA Trials in
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PBS (1.0 M, pH 7.4) at 37 ℃
Figure 3.1.4: Elution of Methylene Blue Dye out of ETTMP PEDGA gel

Not all of the samples reach near 100% methylene blue release or have large error bars
since the methylene blue reacts with the ETTMP. Additionally, at the end of the trial, the
hydrogel is still visibly blue despite the glass bead reaching the bottom of the cuvette.
The 35 wt% hydrogels appear lighter in color relative to the 25 wt% and 30 wt% trials
due to the swelling; the influx of water dilutes the color of the dye within the hydrogel.
Table 3.1.1 displays the weight percent, temperature, days to degrade and total release for
each of the methylene blue samples.

Table 3.1.1: Variables for Each Methylene Blue Run
Weight Percent
(wt %)

Temperature
(℃)

25

37 ℃

25

25 ℃

30

37 ℃

30

25 ℃

35

37 ℃

35

25 ℃

Days to Degrade
(days)
14 ± 1 Days
25 ± 1 Days
27 ± 1 Days
33 ± 5 Days
29 ± 1 Days
39 ± 1 Days

Total Dye Release
by Mass
57.3 ± 4.0%
90.6 ± 2.9%
95.6 ± 3.1%
81.3 ± 15.4%
75.7 ± 4.2%
31.5 ± 10.3%
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3.2 Sulforhodamine-101
Sulforhodamine-101 has a molecular weight of 606.71 g/mol, making it more massive
than methylene blue. Additionally, the dye is amphoteric and neutral in charge, which
means that it interacts less with the hydrogel. Its structure is shown in Figure 3.2.1.

Figure 3.2.1: Structure of Sulforhodamine-101 Dye

Experiments with the sulforhodamine dye were conducted using ETTMP-PEGDA
hydrogels with polymer weight percents of 25 wt%, 30 wt%, 35 wt% and 50 wt%. Figure
3.2.2 a-g shows images taken of the hydrogels over the course of the experimental period.
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a) Images of dexMA Trials at 37 ℃

b) Images of 25 wt% ETTMP PEGDA Trials at 25 ℃
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c) Images of 25 wt% ETTMP PEGDA Trials at 37 ℃

d) Images of 30 wt% ETTMP PEGDA Trials at 25 ℃
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e) Images of 30 wt% ETTMP PEGDA Trials at 37 ℃

f) Images of 35 wt% ETTMP PEGDA Trials at 25 ℃

g) Images of 35 wt% ETTMP PEGDA Trials at 37 ℃
Figure 3.2.2: Images for Sulforhodamine Trials
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Images captured during the erosion of ETTMP-PEGDA samples were analyzed with
MATLAB to extract the glass bead height change with time. Image analysis was
conducted with all experimental conditions. The results are shown in Figure 3.2.3.

Figure 3.2.3: Fractional Change in Glass Bead Height for the Sulforhodamine loaded
ETTMP PEGDA hydrogels (n = 4 samples for 25 wt% at 25 ℃, 3 samples for 30 wt% at
25 ℃,

3 samples for 35 wt% at 25 ℃, 5 for 25 wt% at 37 ℃, 3 for 30 wt% at 37 ℃,

3 for 35 wt% at 37 ℃, error bars represent standard deviation of fractional glass bead
height at each time point)

UV-Vis spectroscopy was used to analyze the elution of the dye from the hydrogel as
degradation occurs. A calibration curve was used to convert absorbance to concentration
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for all samples taken. Figure 3.2.4 compares the elution and degradation of the different
weight percents of the hydrogel.

a) Erosion vs Elution for 25 wt% Sulforhodamine ETTMP PEGDA Trials
in

PBS (1.0 M, pH 7.4) at 25 ℃
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b) Erosion vs Elution for 25 wt% Sulforhodamine ETTMP PEGDA Trials
in

PBS (1.0 M, pH 7.4) at 37 ℃

c) Erosion vs Elution for Sulforhodamine 30 wt% ETTMP PEGDA Trials
in

PBS (1.0 M, pH 7.4) at 25 ℃
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d) Erosion vs Elution for 30 wt% Sulforhodamine ETTMP PEGDA Trials
in

PBS (1.0 M, pH 7.4) at 37 ℃

e) Erosion vs Elution for 35 wt% Sulforhodamine ETTMP PEGDA Trials
in

PBS (1.0 M, pH 7.4) at 25 ℃
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f) Erosion vs Elution for 35 wt% Sulforhodamine ETTMP PEGDA Trials
in

PBS (1.0 M, pH 7.4) at 37 ℃

Figure 3.2.4: Elution of Sulforhodamine Dye out of ETTMP PEDGA gel

Not all of the samples reach near 100% sulforhodamine release since, at the end of the
trial, the hydrogel is still visibly pink despite the glass bead reaching the bottom of the
cuvette. The 35 wt% hydrogels appear lighter in color relative to the 25 wt% and 30 wt%
trials due to the swelling; the influx of water dilutes the color of the dye within the
hydrogel. Table 3.2.1 displays the weight percent, temperature, days to degrade and total
release for each of the sulforhodamine samples.
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Table 3.2.1: Variables for Each Sulforhodamine Run
Weight Percent
(wt %)

Temperature
(℃)

25

37 ℃

25

25 ℃

30

37 ℃

30

25 ℃

35

37 ℃

35

25 ℃

Days to Degrade
(days)
12 ± 1 Days
19 ± 0 Days
16 ± 2 Days
28 ± 0 Days
39 ± 0 Days
43 ± 0 Days

Total Dye Release
by Mass
80.6 ± 23.4%
66.48 ± 3.7%
78.2 ± 9.4%
68.4 ± 3.1%
78.3 ± 19.2%
94.8 ± 14.1%

3.3 Chloroquine
Chloroquine diphosphate is a weakly basic, neutral compound with a molecular weight of
515.9 g/mol. It is an antimalarial and anti-inflammatory drug, which, most recently has
shown promise as a treatment to COVID-19. The structure of chloroquine diphosphate,
shown in Figure 3.3.1, interacts with the ETTMP-PEGDA monomers during the
crosslinking process and results in a less crosslinked hydrogel.
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Figure 3.3.1: Structure of Chloroquine Diphosphate Drug

Studies with the chloroquine were conducted using ETTMP-PEGDA hydrogels with
polymer weight percents of 25 wt%, 30 wt%, 35 wt% and 50 wt%. Figure 3.3.2 a-f shows
images taken of the hydrogels over the course of the experimental period.

a) Images of 25 wt% ETTMP PEGDA Trials at 25 ℃
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b) Images of 25 wt% ETTMP PEGDA Trials at 37 ℃

c) Images of 30 wt% ETTMP PEGDA Trials at 25 ℃
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d) Images of 30 wt% ETTMP PEGDA Trials at 37 ℃

e) Images of 35 wt% ETTMP PEGDA Trials at 25 ℃
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f) Images of 35 wt% ETTMP PEGDA Trials at 37 ℃
Figure 3.3.2: Experimental Images for Chloroquine Trials

Images captured during the erosion of ETTMP-PEGDA samples were analyzed with
MATLAB to extract the glass bead height change with time. Image analysis was
conducted with all experimental conditions. The results are shown in Figure 3.3.3.
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Figure 3.3.3: Fractional Change in Glass Bead Height for the Chloroquine loaded
ETTMP PEGDA hydrogels (n = 3 samples for 25 wt% at 25 ℃, 3 samples for 30 wt% at
25 ℃,

3 samples for 35 wt% at 25 ℃, 3 for 25 wt% at 37 ℃, 3 for 30 wt% at 37

℃, 3 for 35 wt% at 37 ℃, error bars represent standard deviation of fractional glass bead
height at each time point)

UV-Vis spectroscopy was used to analyze the elution of the dye from the hydrogel as
degradation occurs. A calibration curve was used to convert absorbance to concentration
for all samples taken. Figure 3.3.4 compares the elution and degradation of the different
weight percents of the hydrogel.
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a) Erosion v Elution for 25 wt% Chloroquine ETTMP PEGDA Trials at 25 ℃

b) Erosion v Elution for 25 wt% Chloroquine ETTMP PEGDA Trials at 37 ℃
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c) Erosion v Elution for 30 wt% Chloroquine ETTMP PEGDA Trials at 25 ℃

d) Erosion v Elution for 30 wt% Chloroquine ETTMP PEGDA Trials at 37 ℃
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e) Erosion v Elution for 35 wt% Chloroquine ETTMP PEGDA Trials at 25 ℃

f) Erosion v Elution for 35 wt% Chloroquine ETTMP PEGDA Trials at 37 ℃
Figure 3.3.4: Elution of Chloroquine Dye out of ETTMP PEDGA gel
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As indicated in Figure 3.2.4 d, e and f, the UV-Vis indicated release of chloroquine
greater than 100%, which is physically impossible. However, it is hypothesized that this
excess release is not chloroquine, but rather is degradation products from the hydrogel
which registers at this lower wavelength. Table 3.3.1 displays the weight percent,
temperature, days to degrade and total release for each of the chloroquine samples.

Table 3.3.1: Variables for Each Chloroquine Run
Weight Percent
(wt %)

Temperature
(℃)

Days to Degrade
(days)

Total Dye Release
by Mass

25

37 ℃

11 ± 2

95.8 ± 1.4%

25

25 ℃

10 ± 1

77.8 ± 8.2%

30

37 ℃

23 ± 2

124.2 ± 5.6%

30

25 ℃

14 ± 2

90.8 ± 3.8%

35

37 ℃

38 ± 1

152.2 ± 5.7%

35

25 ℃

28 ± 0

142.8 ± 10.9%

Table 3.3.1 shows the trend that the longer it took the hydrogel to degrade, the greater the
total release. The slight disruption to this trend occurs between the 25 wt% at 37 ℃
sample and the 30 wt% at 25 ℃ samples. However, the diffusion coefficient of particles
out of the hydrogel increases as temperature increases, so the degradation product is
diffusing out of the gel faster causing the larger cumulative release than the 25 ℃ sample.
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As the gel breaks down, both the chloroquine and the degradation products are released
into the effluent and measured by UV-Visible spectroscopy. The overshoot of the release
is not indicative of solely chloroquine concentration in the effluent.

3.4 Modeling
We used Hertz Contact Theory to calculate the Young’s Modulus of the eroding hydrogel
and compared it to a developed predictive model, which predicts the ball depth given the
polymer fraction in the swollen hydrogel, variable v2,s in the Flory Huggins Equation
(Equation 1.1.3). Figure 3.4.1 a-d graphically depicts Young’s Modulus as a function of
percent change in ball depth for the dexMA, 25 wt%, 30 wt% and 35 wt% hydrogels.
When swelling occurs, Young’s Modulus cannot be calculated since the depth is
“negative” (from rearrangement of Equation 1.3.1).

a) Young’s Modulus model for dexMA
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b) Young’s Modulus model for 25 wt% ETTMP PEGDA at 37 ℃

c) Young’s Modulus model for 30 wt% ETTMP PEGDA at 37 ℃
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d) Young’s Modulus Model for 35 wt% ETTMP PEGDA at 37 ℃
Figure 3.4.1: Young’s Modulus as a Function of Fractional Glass Bead Height

For all three compositions of ETTMP-PEGDA hydrogels, the model accuracy improved
as the weight sunk deeper into the hydrogel. Additionally, the model captures that the ball
does not sink in dexMA (x-axis maximum in Figure 3.4.1a is 3%). The x-axis for
ETTMP-PEGDA gels, Figures 3.4.1b, 3.4.1c and 3.4.1d, is much larger, signifying that
the ball penetrates the hydrogel. For the dexMA hydrogel, as well as both the 25 wt% and
30 wt% ETTMP-PEGDA gel, no swelling occurs and both experimental plots have
Young’s Modulus lower than the model predicted. The 35 wt% ETTMP-PEGDA
hydrogel experiences swelling and Young’s Modulus cannot be calculated in the negative
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fractional region. Hertz Contact Theory relies on four assumptions being true: (1) The
strains of the two objects in contact are within the elastic limits (2) The contact area is
significantly smaller than the characteristic radius of the two objects (3) The surfaces are
continuous and nonconforming and (4) The bodies are in frictionless contact (Zhu 2012).
The deviation of the experimental plots from the model plot are likely due to the slight
inelasticity associated with real life systems. Additionally, dexMA has a Young’s
Modulus about 6 times greater than that of the ETTMP-PEGDA gels--which also can be
visualized by comparing the height of the ball in Figure 3.X.4a with the height of the ball
in any of the subsequent images in Figure 3.X.4, where X is 1 for methylene blue or 2 for
sulforhodamine. Appendix C details the ANOVA analysis used to determine the validity
of the models compared to the different drug systems.

3.5 Discussion
For the ETTMP-PEGDA hydrogels, the experimental temperature dictates hydrogel
behavior more than polymer weight percent. The Arrhenius equation, Equation 3.5.1,
indicates that the rate of degradation increases as the temperature increases. .

𝑘 = 𝐴𝑒

−𝐸𝑎
𝑅𝑇

Equation 3.5.1: Arrhenius equation where R is the gas constant, k is the rate constant
and T is the absolute temperature of the system

Additionally, there is a monotonic relationship between the height of the glass bead and
time. As the hydrogel degrades, small segments of the polymer network are able to
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diffuse out of the gel. This diffusion of the polymer segments out of the bulk hydrogel is
significantly slower than the hydrolysis. In the case of some of the trials, seen slightly in
the methylene blue 25 ℃ 25 wt% trial, the slope begins at a steady linear rate before a
steep decrease occurring at day 22. This sharp change in slope is hypothesized to be
caused because, physically, over time, the crosslink network becomes so large that there
is unhindered diffusion of the degradation products out of the gel. Additionally, rate of
degradation in the 37 ℃ trials occurs at a rate faster than the autocatalysis rate.
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3.6 Machine Learning
This project lends itself well to creating an algorithm for engineers to use to select the
proper formulation for controlled drug delivery for their patient’s required dosage. As a
first step in achieving this goal, a machine learning algorithm was written to predict the
proper gel weight percent necessary based on the desired number of days for degradation,
dye molecular weight, dye pKa and dye charge category. Table 3.6.1 depicts how the data
is organized for processing.

Table 3.6.1: Cleaned Data for Machine Learning Code

Pandas, a Python Data Analytics Library, is a powerful tool for data mining and
visualization. When the data is uploaded into the Python Application--Jupyter
Notebook--it is done so as a Pandas DataFrame, shown in Figure 3.6.1. A DataFrame is a
way to visualize and manipulate data using Python data analysis library; it looks like the
Cleaned Data in Table 3.6.1, but includes a numbered index variable and the Dye Name
column has been dropped.
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Figure 3.6.1: A DataFrame of the data shown in Table 3.6.1

The type of the values in the DataFrame need to be changed to be compatible with the
libraries used to create the machine learning code. The code written utilizes a software
library called scikit-learn. Scikit-learn requires that all data used to be numeric; however,
the Gel Type, and Charge columns in Figure 3.6.1 are not numeric, these columns need to
be converted into categorical types and then numeric types. To convert categorical data
into numeric data, a dummy DataFrame needs to be created. Figure 3.6.2 demonstrates
how the two categorical variables are extended into multiple columns with a value of
either 1 or 0, with the former representing a True value and the latter representing a False
value.
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Figure 3.6.2: Dummy DataFrame

Finally, a decision tree can be made using the dummy DataFrame. A decision tree is a
directed graph where the nodes are the attributes of the data, the outgoing branches are
the conditions, and the leaves, the bottommost nodes, represent the target class -- in the
case of this decision tree, the leaves are the hydrogel weight percent. Each branch of the
decision tree serves to partition the data.

Decision trees are constructed in a top down, recursive, divide and conquer approach. It
makes a locally optimal choice at each node in order to create the most “pure” split of the
variables with the greatest amount of variables at each split.
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For the decision tree, depicted in Figure 3.6.3, mean square error (MSE) was selected as
the split. MSE is a risk function and corresponds to the expected error of the square mean
loss.The closer the MSE value is to 0, the more pure the data set. Equation 3.6.1 is how to
calculate the MSE.

𝑀𝑆𝐸 =

1
𝑛

𝑛

∑ (𝑌𝑖 − 𝑌𝑖)

2

𝑖=1

Equation 3.6.1: Equation to calculate the MSE where Y is the actual value and Ŷ is the
predicted value

Figure 3.6.3: Decision tree for the data collected

The decision tree uses color to indicate the level of purity in the node, with darker blues
representing more pure nodes and, in turn, lower MSE values.
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When using a decision tree, there is a concern with overfitting the data to the training
data, which would produce poor results when introducing new data. So, tree pruning
should be used. For example, the leaves which only have one sample may be evidence of
overfitting. To prevent overfitting, pre pruning can be used to restrict the number of
samples in a node to a minimum of two. Figure 3.6.4 demonstrates the new tree with this
minimum sample parameter. This tree does not have only pure leaf nodes, leaving the
decision up to the user.

Figure 3.6.4: Decision tree to find gel weight percent after implementing a pre pruning
parameter

The validity of this model can be evaluated either using an R2 value or by plotting the
linear regression of the data. An overfit system, such as the decision tree shown in Figure
3.6.3, will have an R2 value of 1.0; however, this system is not accurate when evaluating
new data. The decision tree in Figure 3.6.4, which has been treated with pre-pruning
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processing, has an R2 value of 0.86. Additionally, a linear regression plot can be
constructed by plotting the actual weight percents against the predicted weight percents,
as shown in Figure 3.6.5. A perfect model would perfectly follow a y = x line, and the
slope of the trendline in Figure 3.6.5 is 0.9944. It is important to note that, due to the
sample size, the model was both trained and tested with the same data.

Figure 3.6.5: Linear Regression Evaluation of Decision Tree

Additionally, a decision tree which predicts the number of days a sample takes to degrade
can also be created using the gel molecular weight and dye characteristics as the
parameters. Figure 3.6.6 is the pre-pruned tree.
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Figure 3.6.6: Decision tree to find days to degrade after implementing a pre pruning
parameter

The same validity testing used on the weight percent decision trees can be used on the
days to degrade tree. The R2 value is 0.74 and the linear regression plot is shown in
Figure 3.6.7. The slope of the data is 0.9588, indicating that the model is a fairly accurate
predictive tool.
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Figure 3.6.7: Linear Regression Evaluation of Decision Tree

However, the data set that this decision tree was built using is very small, with a sample
size of 13. Future work would be to grow this data set to create a better decision tree,
separate out a dataset for tree evaluation and separate out additional test data.
Additionally, with a greater The benefit of using machine learning is that no changes
need to be made to the code, rather, simply updating the cleaned data file with the
additional dyes and re-running the code will produce a new tree with new splits to
maximize node purity.
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4. Future Work
As this project progresses in the future, we are going to make more of an effort to
automate the data collection process in order to build a large database of different
systems to further refine the machine learning code. Automating the process would
involve writing a code which can first identify the base of the glass bead and then
calculate the distance between this point and the bottom of the cuvette. However, in order
to ensure that the picture is identical each time, both a cuvette and camera holder must be
designed. Once these features are designed, the database can grow exponentially, using
drugs that range in molar mass, hydrodynamic radius, pKa and charge, and the machine
learning algorithm can be further improved.
Furthermore, it would be interesting to see whether the hydrogel erosion occurs as a front
at the interface between the PBS release media or throughout the bulk of the hydrogel. In
order to complete this study, the cuvette holder needs to be modified to be taller and
skinnier. However, the width of the holder needs to be wide enough that the weight
used--whether it be a glass bead of the same diameter currently used, smaller diameter or
a teflon coated metal bead--can sink into the hydrogel without wall effects. By increasing
the height of the holder and the height of the gel cured into the holder, the time the bead
physically spends in the hydrogel increases, thus revealing more about the erosion
kinetics of the system.
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5. Conclusion
Understanding and predicting the properties of hydrogels is crucial to being able to fully
utilize hydrogels in biomedical applications. Hydrogels are swollen polymer networks
held together by crosslinks which creates a mesh-like network and provides the hydrogel
structure. Different polymer chemistry for the hydrogel create different crosslink
structures; for example, dexMA has a long backbone where the sites of crosslinking are
also the sites of hydrolysis--the reaction in which breaks up the structure--and ETTMP
PEGDA hydrogels break into small degradation products.

Measuring the breakdown of the hydrogel network reveals a lot about the properties of
the hydrogel. Using the novel cuvette method, the breakdown of dexMA and ETTMP
PEGDA gels were observed, and the mechanical properties of the hydrogel were back
calculated using Hertz Contact Theory. The calculated Young’s Modulus was
significantly larger for the dexMA hydrogels which was further supported by the ball
taking more than 5 months to show any movement and the breakdown of the hydrogel
being discrete chunks. Additionally, the Young’s Modulus increased as the weight percent
of the ETTMP PEGDA hydrogel increased. Again, this is supported by the time needed
for the glass bead to reach the bottom of the cuvette.

Additionally, the cuvette method allows for the simultaneous observation of hydrogel
degradation and dye elution, providing a full scope of the hydrogel behavior. However,
difficulty occurred when measuring the concentration of chloroquine in the UV-Vis due
to the overlap in wavelength for both the chloroquine and the degradation product.
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Further experimentation and analysis of this peculiarity could reveal more about the
degradation behavior of ETTMP PEGDA hydrogels.

Finally, a machine learning algorithm was used to predict either the weight percent of the
hydrogel necessary based on the dye characteristics and desired length of time to degrade
or to predict the number of days it would take the hydrogel to degrade based on the dye
characteristics and hydrogel weight percent. This algorithm will prove to be valuable as
more samples are added to the dataset and the leaves become more pure.
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Appendix A: Models Mentioned in Background
1. Infinitesimal Strain Theory
The easiest way to explain infinitesimal strain theory is through imagining a car on a
bridge. The car applies a small force to the bridge, which in turn causes deformation to
the surface of the bridge. However, in the grand scheme of the bridge, this deformation is
negligible. So, the assumption can be made that the constitutive properties (density,
stiffness, etc) of the bridge are uniform.

2. Mooney Rivlin
Mooney Rivlin is a model for the large strain, nonlinear behavior of incompressible
materials. The model provides a series of curve fits and coefficients which provide
insight about the stiffness of the material. The equation, an eigenvalue problem, is shown
in Equation A.2.1 and Figure A.2.1 demonstrates the potential model fits.

Eq A.2.1
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Figure A.2.1: Example Model Fits using Mooney Rivlin

3. Zener Model
This is a model used to describe viscoelastic materials, a material which will fully
recover after a load is removed. A Zener model is often depicted in conjunction with
either the Maxwell model or Voigt-Kelvin model. A material will undergo deformation
due to either conformation changes or viscoelastic flow. The Maxwell model subjects a
material to the same stress, but different strain, while the Voigt-Kelvin model does the
reverse. In Zener models, depicted in Figure A.3.1, a dash plot is shown either in parallel
to a Maxwell model (a) or in series with a Voigt-Kelvin model (b).

Figure A.3.1: Zener Model Dashplots
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4. Langevin Equation
This is a stochastic differential equation used to describe the random Brownian motion of
particles in fluid. The degrees of freedom in the equation are representative of the
macroscopic properties which move significantly slower than the microscopic ones.

5. Stokes Einstein Equation
This is an equation used to find the diffusion coefficient of a particle undergoing
Brownian motion.

Eq B.5.1

where k is the Boltzmann constant, T is the absolute temperature of the system, η is the
system viscosity, and R is the hydrodynamic radius of the solute.
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Appendix B: DexMA Studies
In the cuvette study detailed in the Materials and Methods section, the dexMA hydrogel
is cured for 21 minutes and no change in glass bead height was observed over a period of
5 months, so, an additional study was conducted to determine how the hydrogel breaks
down. As explained in the Results and Discussion section, the dexMA hydrogel breaks
down via hydrolysis at the site of crosslinking, leaving the long backbone intact and, in
turn, the integrity of the hydrogel.

To explore the process in which the dexMA hydrogel breaks down, hydrogels were
partially cured--cured for 5 minutes and 15 seconds, 10 minutes and 30 seconds and 15
minutes and 45 seconds respectively--and underwent the cuvette study. Figure B.1a-c
depicts the changes in hydrogel over this experimental period.
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a) Images of neat dexMA cured for 5 minutes and 15 seconds at 37 ℃

b) Images of neat dexMA cured for 10 minutes and 30 seconds at 37 ℃
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c) Images of neat dexMA cured for 15 minutes and 45 seconds at 37 ℃
Figure B.1: Experimental Images for dexMA Varied Cure Time Trials

At all cure times, the gel becomes discrete chunks at 2 weeks, this is due to the long
backbone in the hydrogel maintaining the overall integrity of the shape of the hydrogel,
unlike what was seen with the ETTMP PEGDA gels.
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Appendix C: Collection of ANOVA Results
ANOVA analysis was performed to test the validity of the Hertz contact theory model. If
the F value found is greater than the critical value, then there is a statistically significant
difference between the model and the experimental results. Further analysis was
conducted to determine which of the dyes were statistically significantly different than
the model. Figure C.1 displays the ANOVA analysis for the 25 wt% ETTMP PEGDA
hydrogels.

Figure C.1: ANOVA Analysis for the 25 wt% 37 ℃ Samples
Since the F value is greater than the critical value, a Tukey test, Figure C.2, must be
performed to determine which experimental trials were different from the model.

Figure C.2: Tukey Test to Determine Statistical Differences
The methylene blue and chloroquine trials are statistically different from the model.
Variation may occur because the theoretical Young’s Modulus is calculated from a
predicted glass bead height. The predicted glass bead height is different from the
experimental glass bead height, so there are slight differences between the theoretical and
calculated Young’s Modulus.
The analysis was also conducted for the 30 wt% hydrogels and 35 wt% hydrogels. The
results are displayed in Figure C.3/C.4 and Figure C.5 respectively.
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Figure C.3: ANOVA Analysis for the 30 wt% 37 ℃ Samples

Figure C.4: Tukey Test to Determine Statistical Differences
For the 30 wt% hydrogels, only the chloroquine was statistically significantly different
from the model.

Figure C.5: ANOVA Analysis for the 35 wt% 37 ℃ Samples
For the 35 wt% hydrogels, all the systems were statistically similar to the model.
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